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CN ■ We propose a method to generate a GHZ entangled state of n photons in n microwave cavities 

(or resonators) via resonant interaction to a single superconducting qubit. By performing local 
, operations on a qubit (e.g., a solid-state qubit, an atom, etc.) placed in each cavity, the created 

(N. GHZ states of n photons can be transferred to qubits for storage. The proposed scheme greatly 

' reduces effect of decoherence since only resonant qubit-cavity interaction and resonant qubit-pulse 

^ , interaction are involved, and no measurement is required. In addition, we show that the method 

[j^ . can be applied to create a GHZ state of photons in multiple cavities via an atom through resonant 

■ interaction with no measurement needed. 



> 
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I. INTRODUCTION 



C I Entanglement is one of the most fascinating features of quantum mechanics and plays an important role in quan- 
2 ■ turn communication and quantum information processing (QIP). During the past decade, experimental preparation 
of entanglement with eight photons via linear optical devices [1], eight ions [2], three spins [3], two atoms in mi- 
—t, crowave cavity QED [4], two atoms plus one cavity mode [5], or two excitons in a single quantum dot [6] has been 
reported. On the other hand, by having qubits coupled to a resonator or through a capacitive coupling, entangling 
two superconducting qubits [7-11] or three superconducting qubits [12,13] has been experimentally demonstrated. In 
addition, a tripartite entanglement with a superconducting qubit coupled to two microscopic two-level systems has 
QQ I been reported recently [14]. 

■ Over the past ten years, there has been much interest in quantum information processing with superconducting 
CNJ ■ qubits in circuit QED. A cavity or resonator acts as a quantum bus which can mediate long-distance, fast interaction 

. between distant superconducting qubits [15-18]. Theoretically, it was predicted earlier that the strong coupling limit 

■ can readily be realized with superconducting flux qubits [19] or charge qubits [17]. Moreover, the strong coupling limit 
PsJ . between the cavity field and superconducting qubits has been experimentally demonstrated [20,21]. Based on circuit 

■ QED, a large number of theoretical schemes for creating entangled states with superconducting qubits in a cavity 
^ . have been proposed [15,19,22-29]. In addition, two-qubit or three-qubit entangled states have been experimentally 

demonstrated with superconducting qubits coupled to a cavity or resonator [8-12]. All of these theoretical and 
experimental works are mainly focused on entanglement of superconducting qubits coupled to one cavity or resonator, 
which has paved the way for fundamental tests of quantum entanglement and nonlocality and made superconducting 
qubit circuit QED very attractive for quantum information processing. 

Recently, attention has been shifting to entanglement generation of qubits or photons in multicavities because of 
its importance to scalable QIP. Within circuit QED, several theoretical proposals for generation of entangled photon 
Fock states of two resonators have been presented [30,31]. Moreover, by using a superconducting phase qubit coupled 
to two resonators, recent experimental demonstration of an entangled NOON state of photons in two superconducting 
microwave resonators has been reported [32]. 

In this paper, we focus on the preparation of GHZ (Greenberger-Horne-Zeilinger) entangled states of photons in 
multiple cavities. The GHZ entangled states are of great interest in the foundations of quantum mechanics and mea- 
surement theory, and significant in quantum information processing [33], quantum communication (e.g., cryptography) 
[34-36], error correction protocols [37], and high-precision spectroscopy [38]. 

In the following, we will propose an efficient method to generate a GHZ entangled state of n photons distributed over 
n microwave cavities or resonators coupled by a superconducting qubit (a.k.a. coupler) through resonant interaction. 
By local operations on a qubit (e.g., a solid-state qubit, an atom etc.) placed in each cavity, the created GHZ states 
of photons can be transferred to qubits for a long time storage and then can be transferred back to the photons 
once they are needed to be sent through quantum channels for implementing quantum communication or quantum 
information processing in a network. 
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FIG. 1: (Color online) Qubit-cavity resonant interaction. The cavity mode is resonant with the |1) o |2) transition of the 
qubit. g is the coupling constant between the cavity mode with the |1) -f-*- |2) transition. In (a), the level spacing between 
the two lowest levels is smaller than that between the upper two levels, this three-level structure applies to superconducting 
charge qubits and flux qubits [39]. In (b), the three- level structure is contrary to that in (a), and applies to superconducting 
phase qubits [39] as well as natural atoms. The qubit can be chosen such that the transition between the two lowest levels 
is forbidden due to the optical selection rules, weak via increasing the potential barrier between the two levels |0) and |I), or 
highly detuned (decoupled) from the cavity mode of each resonator by prior adjustment of the level spacings of the qubit. 



As shown below, this proposal does not require measurement on the states of the coupler qubit or measurement on 
the cavity-mode photons for each cavity, and only requires resonant qubit-cavity interaction and resonant qubit-pulse 
interaction for each step of the operations. Thus, this proposal is simple to implement in experiments. 

We stress that this proposal is quite general, and can be used to create a GHZ state of photons in multiple cavities 
or resonators when a different physical system, such as an atom or a quantum dot. In this paper, we show how to 
apply the method to generate a GHZ state of photons in multiple cavities using an atom. 

This paper is organized as follows. In Sec. II, we briefly review the basic theory of resonant qubit-cavity and 
qubit-pulse interactions. In Sec. HI, we show how to generate a GHZ state of n photons in n cavities coupled by 
a superconducting qubit. In Sec. IV, we give a brief discussion on the experimental issues and the experimental 
feasibility. In Sec. V, we show how to apply the method to create a GHZ state of n photons in n cavities via an atom. 
A concluding summary is given in Sec. VI. 

II. BASIC THEORY 

Consider a qubit A with three levels |0) , |1) , and |2) as depicted in Fig. 1. Suppose that the transition between 
the two levels |1) and |2) is resonant with the cavity mode. In the interaction picture, the interaction Hamiltonian of 
the qubit A and the cavity mode is given by 



H = hg{a^cr^2 + H.c), 



(1) 



where and a are the photon creation and annihilation operators of the cavity mode, g is the coupling constant 
between the cavity mode and the |1) O |2) transition of the qubit A, and a^^ = |1) 

Based on the Hamiltonian (1), it can be easily found that the initial states |2) |0)^ and |1) of the qubit A and 
the cavity mode evolve as follows 



|2)|0), 



-is\n{gt) |1) 
cos(gi)|l)|l) 



,-|-cos(gi)|2)|0),, 
isin(gi)|2)|0),. 



(2) 



However, the states |0) |0)^ and |1) |0)^ remain unchanged under the Hamiltonian (1). 

The coupling strength g may vary when the qubit A couples with different cavities or resonators. Therefore, in 
operations below, g is replaced by g^ to denote the coupling strength between the qubit A and cavity k {k = 1, 2, n). 

Let us now consider the case that qubit A is driven by a classical pulse of frequency lo. Suppose that the pulse is 



resonant with the transition between the two levels \i) and \i) of the qubit A, i.e. 



Here, bjji is the \i) |j) 



transition frequency of the qubit, and 
picture is given by 



is the lower energy level. The interaction Hamiltonian in the interaction 



Hj 



h{n,,e'^\i) 01+ H.c.) 



(3) 
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FIG. 2: (Color online) (a) Diagram of a superconducting qubit A (a circle at the center) and n cavities. Each red dot represents 
a one-dimensional coplanar waveguide resonator which is coupled to the coupler qubit A through a capacitor, as shown in (b). 
(b) The diagram on the left side is equivalent to the diagram on the right side. 



where Qij is the Rabi frequency of the pulse and are the initial phase of the pulse. Based on the Hamiltonian (3), 
one can easily obtain the following state transformation 

\i) cos flijt \i) — ie"**^ sin il,ijt \ j) , 

\j) cos ilijt \j) - ie'''^ sin i}ijt\i) , (4) 

which can be completed rapidly by increasing il^j (i.e., by increasing the intensity of the pulse). 

In above, we have reviewed the basic theory of the qubit A resonantly interacting with the cavity mode or a pulse. 
The results presented above will be employed for the entanglement preparation discussed in next section. 

III. GENERATION OF A N-PHOTON GHZ STATE VIA A SUPERCONDUCTING QUBIT 

Consider n cavities (1, 2, n) each coupled to a superconducting coupler qubit A, which has three levels as depicted 
in Fig. 1. The three-level structure in Fig. 1(a) applies to superconducting charge qubits and flux qubits, and the 
one in Fig. 1(b) applies to phase qubits (see Ref. [39] and other relevant references cited in [39]). In addition, the 
three- level structure in Fig. 1(b) is also available in atoms. The coupler qubit A can be chosen such that the transition 
between the two lowest levels is forbidden due to the optical selection rules [40], weak via increasing the potential 
barrier between the two levels |0) and |1) [41-43], or highly detuned (decoupled) from the cavity mode of each resonator 
by prior adjustment of the level spacings of the qubit. Note that for superconducting qubits, the level spacings can 
be readily adjusted by varying external control parameters (e.g., gate voltage and/or magnetic flux applied to the 
superconducting charge qubits and/or phase qubits and flux qubits, see e.g. [41-44]). 

Initially, the qubit A is decoupled from the cavities (1,2, ...,n) , which can be realized by prior adjustment of each 
cavity frequency; the qubit A is prepared in the state {|0)^ -|- |2)^) / v^; and each cavity is in a vacuum state, i.e., 
|0)^ j for cavity i (i — 1,2, ...,n). The operations for realizing a GHZ state of n photons in the n cavities are listed 
below: 

Step 1: Adjust the frequency of cavity 1 such that it is resonant with the |1) O |2) transition of qubit A. 
After an interaction time tia = TT/{2gi), the state |0)^ |0)^j^ remains unchanged while the state |2)^ |0)^j^ changes to 
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— i , as described by Eq. (2). Then, adjust the frequency of cavity 1 such that it is decoupled from qubit A 

and then apply a pulse (with frequency uj — UJ21, initial phase (j) = and duration tn, = tt/ (2f22i)) to qubit A, to 
transform the state to i |2)^ , as described by Eq. (4). 

It can be seen that after this step of operation, the initial state (|0)^ + HlLi \^)ci °^ whole system changes 
to (here and below a normalization factor is omitted for simplicity) 

(|0)A|0)el + |2)A|l)cl)niO)ci- (5) 

Step 2: Adjust the frequency Wc2 of cavity 2 to have it resonant with the |1) O |2) transition of qubit A for 
an interaction time t2a = t^I^Q-i)- As a result, the state |2)^ |0)^2 changes to —i |1)^2 while the state |0)^ |0)^2 
remains unchanged. Then, adjust the frcqiicncy of cavity 2 to have it decoupled from qubit A and then apply a pulse 
(with frequency w = W21, initial phase = tt, and duration t-^h = tt/ (2f22i)) to qubit A, to transform the state 
toi|2)^. 

It can be seen that after this step of operation, the state (5) changes to 



(|0)^|0)el|0)e2 + |2)A|l)cl|lUniO)ci- (6) 

i=3 

Step 3 to Step {n-2): The procedure for each step of operations from step 3 to step {n-2) is the same as step 1 or 
step 2. Namely, for step k {k = 3, 4, n — 2), we adjust the frequency cOck of cavity k to have it resonant with the 
|1) O |2) transition of qubit A. After an interaction time tka = 7r/(2gfe), the state |2)^ |0)cfc changes to —i jl)^;;, 
while the state |0)^ |0)^j, remains unchanged. Then, adjust the frequency of cavity k to have it decoupled from qubit 
A and then apply a pulse (with frequency lj = u)2i, initial phase (j) = and duration tkb = (2f22i)) to qubit A, to 
transform the state to i |2)^ . 

One can verify that after the operations of step 3 to step {n-2), the state (6) changes to 




0lO)c„- (7) 

Step {n-1): Adjust the frequency u)c{n-i) of cavity (n— 1) to have it resonant with the |1) o |2) transition of qubit 
A for an interaction time <(„_i)a = 7r/(2(7„_i). As a result, the state |2)^ \^)c{n-i) changes to —i |l)c(n-i) while 
the state |0)^ |0)c(ra-i) remains unchanged. Then, adjust the frequency of cavity n — 1 to have it decoupled from 
qubit A. Next, apply a pulse (with frequency lj = ^20, initial phase (j) = — 7r/2, and duration = vr/ (2f22o)) to 

qubit A, to transform the state |0)^ to |2)^; and then apply a pulse (with frequency w = a;2i, initial phase (f) = 7r/2, 
and duration t(„_i)c = tt/ {2i}2i)) to qubit A, to transform the state to — |2)^ while the state |2)^ to . 

It can be found that after this step of operation, the following transformation is obtained 



|0)a I0)e(„-1) Step n-1 |1)^|0),(„_ 



|2)^ |0),(„_i) ^ i|2)^|l),(„_i) 
Based on Eq. (8), one can see that the state (7) changes to 



11)^11 |0)ci+*|2MI|l)cJ|0)n- (9) 



1=1 



Step n: Adjust the frequency cocn of cavity n such that it is resonant with the |1) O |2) transition of qubit A. 
After an interaction time tn = 7r/(2g„), the state |2)^ |0)c„ changes to — i \^)cn while the state |0)cn I'emains 
unchanged. Then, adjust the frequency of cavity n to have it decoupled from qubit A. 

It can be seen that after this step of operation, the state (9) becomes 




(10) 

The result (10) shows that the n cavities are prepared in a n-photon GHZ state YYi=i |0)ci YVi=i \ ^)ci ' while the 
qubit A is disentangled from all cavities, after the above operations. 
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In principle, the method presented above can be used to create a GHZ state of n photons in n cavities. However, it 
should be pointed out that in practice since is inversely proportional to n, the number of cavities coupled to qubit 
A is limited to maintain sufficiently strong couplings. 

As discussed above, the present method requires rapid adjustments of the cavity frequency during entanglement 
preparation. Note that for superconducting microwave cavities, the cavity frequency can be fast tuned (e.g., in less 
than a few nanoseconds for a superconducting transmission line resonator [45]). 

Finally, it should be mentioned that in principle, the method can also be realized with cavities of different resonant 
frequencies by rapid tuning of level spacing W21 of the coupler qubit. 

IV. DISCUSSION 

Let us now give some discussions on the relevant experimental issues for the entanglement preparation. For the 
method to work: 

(i) The total operation time r, given by 

n 

T = Y^ Tr/{2gj) + (n - 1) tt/ (2f]2i) + tt/ (2^20) + 2ntd (11) 

(where td is the typical time required for adjiisting the cavity mode frequency), needs to be much shorter than the 
energy relaxation time Ti and dephasing time T2 of the level |2) of qubit A, such that decoherence caused due to 
energy relaxation time and dephasing time of qubit A is negligible during the entire operation. Note that the energy 
relaxation time T{ and dephasing time of the level |1) of qubit A are longer than Ti and T2, respectively. 

(ii) For cavities (1, 2, n), the lifetime of the cavity mode is given by T*jj^ = {Qi/2'KVc.i) /^i, where Qi and rii are 
the (loaded) quality factor and the average photon number of the cavity i, respectively. For n cavities, the lifetime of 
the cavity modes is given by 

T^cav = — lllin{T^„^, T^av^ •••> ^cat)}> (l^) 

which should be much longer than r, such that the cavity decay is negligible during the entire operation. 

These requirements can in principle be realized, since one can: (i) reduce the qubit-cavity interaction time by 
increasing the qubit-cavity coupling constant gj, (ii) shorten td by a rapid adjustment of the cavity mode frequency, 
(iii) increase T^av by employing high-Q cavities, and (iv) utilize qubit A with long Ti and T2 times. 

For the sake of definitiveness, let us consider the experimental feasibility of generating a GHZ state of 10 photons in 
the ten cavities. Without loss of generality, we consider a case that the coupling contant of qubit A with each cavity 
is identical, i.c, gi = 92 = ••• = .9io = .9- We assume g/2'K ^ 150 MHz. which could be reached for a superconducting 
qubit coupled to a one-dimensional standing- wave GPW (coplanar waveguide) transmission line resonator [12]. With 
the choice of fl2i ^ ^^20 ^ 2^ and ~ 3 ns [45], a simple calculation gives r 85 ns, which is much shorter than 
min{Ti, T2} ~ 5 /is for Ti ~ T{/2 and T2 ^ T^/2. Note that T{ and can be made to be on the order of ~ 10 jis for 
the state of art superconducting qubits at this time [46] . 

Superconducting CPW transmission line resonators with a loaded quality factor Q ~ 10^ have been experimentally 
demonstrated [47,48] . Without loss of generality, consider ten resonators each with a center frequency 5 GHz [7] and 
a quality factor ~ 5 x 10^. From the discussion given above, it can be seen that each cavity was occupied by a single 
photon during the GHZ-state preparation. Thus, we have min{T^^^^, T^^^^, ...,T^^^} ~ 16 /is, resulting in Tcav ^ 1-6 /is 
for n = 10 for the present case, which is much longer than r. The analysis given here shows that generating a GHZ 
state of 10 photons in ten cavities might be possible within the present circuit QED technique. 

V. GENERATION OF A A^.pHOTON GHZ STATE USING AN ATOM 

During the past decade, much attention has been paid to the generation of highly entangled states with atomic 
systems. Two-atom entangled states and three-particle GHZ entangled states (with two atoms plus one cavity mode) 
have been experimentally demonstrated in microwave cavity QED [4,5]. In addition, based on cavity QED, numerous 
theoretical proposals have been presented for entangling atoms coupling to the mode (s) of a single cavity [49] and 
atoms in two or more cavities [50] . In principle, an entangled state of n photons in n cavities (n > 2) can be created, 
by first preparing an n-atom entangled state using the previous proposals [49,50], and then transferring the prepared 
n-atom entangled states onto n photons in the n cavities via the state transfer from an atom to a photon in a cavity. 
In the following, we will present an alternative way to implement an n-photon GHZ state, which, as shown below, 
does not require prior preparation of atomic entangled states. The scheme presented here is actually a generalization 
of the method described in Sec. II to GHZ-state generation of photons in multiple cavities through an atom. 
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FIG. 3; (Color online) Diagram of n cavities and an atom A (a red dot). Before atom A arrives in cavity n — 1, the atom A 
is moved into each cavity to have it interacting with the cavity mode for a given time and then moved out of the cavity to 
have it addressed by a classical pulse with frequency equal to the transition frequency a;2i of the atom A (see the pink-color 
frame with an arrow). When the atom A leaves the cavity n — 1, two pulses are applied to the atom A. The first pulse has a 
frequency equal to the transition frequency UJ20 (see the blue-color frame with an arrow) while the second pulse has a frequency 
equal to the transition frequency cj2i of the atom A. 



Consider n cavities (l,2,...,n) and an atom A with three levels as depicted in Fig. 1. The atom A is initially 
prepared in the state (|0)^ -I- |2)^) /^/2 and each cavity is in a vacuum state, i.e., |0)^j for cavity i [i — l,2,...,n). 
In addition, assume that the cavity mode of each cavity is resonant with the |1) -s-)- |2) transition but highly detuned 
(decoupled) from the transition between any other two levels of the atom A. The procedure for generating a GHZ 
state of n photons in the n cavities is illustrated in Fig. 2. The operations shown in Fig. 2 are as follows: 

Step 1: Move atom A into cavity 1 for an interaction time tia = Tr/{2gi). As a result, the state |0)^ |0)^-^ remains 
unchanged while the state |2)^ \0)ci changes to —i |1)^ , as described as Eq. (2). Then move atom A out of the 
cavity 1 and apply a classical pulse (with frequency w = W21, initial phase (f) — tt, and duration tib — tt/ {2Q21)) to 
atom A, to transform the state |1)^ to i |2)^ , as described by Eq. (4). It can be seen that after this step of operation, 
the initial state (|0)^ -I- |1)^) nr=i \^)ci the whole system changes to the state given in Eq. (5). 

Step 2: Move atom A into cavity 2 for an interaction time t2a = 7r/(2(72)- As a result, the state |2)^ |0)^2 changes to 
—i |1)^ |1)^2 while the state |0)^ |0)^2 remains unchanged. Then move atom A out of the cavity 2 and apply a pulse 
(with frequency uj = UJ21, initial phase 4> = tt, and duration t2b = f/ (25721)) to atom A, to transform the state |1)^ 
to i |2)^ . It can be seen that after this step of operation, the state (5) changes to the state (6). 

Step 3 to Step {n-2): The procedure for each step of operations from step 3 to step {n-2) is the same as either 
step 1 or step 2. Namely, for step k (k — 3,4, — 2), we move atom A into cavity k for an interaction time 
tka = T^/C^gk), such that the state |2)^ |0)^j, changes to — Wck while the state |0)^ \0)ck remains unchanged. 
Then, move atom A out of cavity k and apply a pulse (with frequency w = ll)21, initial phase (j) — tt, and duration 
tkb = T^/ (25121 )) to atom A, to transform the state to i |2)^ . It is easy to verify that after the operations of step 
3 to step {n-2), the state (6) changes to the state (7). 

Step (n-1): Move atom A into cavity {n — 1) for an interaction time t(„_i)Q = 7r/(2(7„_i), such that the state 
\^)c(n-i) changes to —i \1) ^ |l)c(n-i) while the state |0)^ |0)c(n-i) remains unchanged. Then move atom A out of 
the cavity n—1 and apply a pulse (with frequency u — lo20, initial phase <j) = — 7r/2, and duration t(„_i)f, — tt/ {2U,2o)) 
to atom A, to transform the state |0)^ to |2)^; and then apply a pulse (with frequency w = a;2i, initial phase = 7r/2, 
and duration = tt/ (2r22i)) to atom A, to transform the state |1)^ to — |2)^ while the state |2)^ to |1)^ . One 

can check that after this step of operation, the following transformation given in Eq. (8) is achieved. Based on Eq. 
(8), one can see that the state (7) changes to the state (9). 

Step n: Move atom A into cavity n for an interaction time t„ — 7r/(2g„), such that the state |2)^ |0)^„ changes 
to —i |l)cn while the state |1)^ |0)cn remains unchanged. After atom A interacting with cavity n for a time t„, 
move atom A out of the cavity n such that it is decoupled from the cavity n. It can be seen that after this step of 
operation, the state (9) becomes the state (10), which shows that a GHZ state nr=i \^)ci + IlILi \^) d '^^ " photons 
in n cavities is created while the atom A is disentangled from each of the cavities, after the above process. 

It should be mentioned that the atom A can be trapped in a linear trap [51], inside an optical lattice [52], or on 
top of an atomic chip [53]; and then it can be moved into or out of a cavity, by moving the lattice or by applying an 
electric field [54]. The approach for trapping and moving atoms has been employed in the earlier work for quantum 
computing with atoms in cavity QED [54-57]. Alternatively, the atom A can be sent through a cavity to have it 
interacting with the cavity for a given interaction time, by choosing the atomic velocity appropriately [58]. 

From the above description, it is concluded that the present scheme has the following advantages: 

(i) Only one atom is needed for the entanglement preparation of photons in multiple cavities; 

(i) Neither measurement on the states of the atom A nor measurement on the cavity photons is needed; 

(ii) No adjustment of the atomic level spacings is needed during the entire operation; and also 
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(iii) No adjustcmcnt of the cavity mode frequency is required during the entire operation. 

For our scheme to work, the total operation time r given in Eq. (12) (where is now a typic time for moving atom 
A into or out of a cavity) should be much smaller than the lifetime of the cavity modes of n cavities, i.e., Tcav given in 
Eq. (13), so that the cavity dissipation is negligible during the entire operation. In addition, the r needs to be much 
shorter than the spontaneous emission time Tr of the level |2) of atom A, such that decoherence caused due to the 
spontaneous emission of atom A is negligible. Note that the spontaneous emission time of the level |1) of atom A is 
longer than T^.. 

To investigate the experimental feasibility of this scheme, let us consider preparation of a GHZ state for 10 photons 
in ten cavities using a single Rydbcrg atom. Without loss of gcneraility, we assume gi = 92 = ••• = .9io = .9- The atom 
A is chosen as a Rydberg atom with principal quantum numbers 50 and 51 (respectively corresponding to the levels 
|1) and |2)). For the Rydberg atom chosen here, the |1) ^ |2) transition frequency is ujo/2-k ~ 51.1 GHz, the energy 
relaxation time of the level |2) is T,. ^ 3 x 10~^ s, and the coupling constant is g = 27r x 50 kHz [59]. With the choice 
of td ^ 1/xs and Q,2i ~ ^^20 ~ lOff, we have r ^ 7.5 x 10^^ s, much shorter than T^. 

In the present case, the cavity mode frequency of each cavity is ~ 51.1 GHz. One can see from the above discussion 
that each cavity was occupied by a single photon during the GHZ-state preparation. For a cavity with Q = 10^°, we 
have minjT'jJ^^, T^^v^ "^cav} ~ 3.1 x 10~^ s, resulting in Tcav ~ 3.1 x 10~^ s for n = 10. which is much longer than 
r. Note that cavities with a high Q ~ 10^^ have been reported [60]. Thus, generating a GHZ state of 10 photons in 
ten cavities with assistance of an atom is possible within the present cavity QED technique. 

By Using linear optics elements and single photon detectors, many schemes for creating photon entangled states 
have also been proposed [61]; and experimental realization of an eight-photon GHZ state [1] and a three-photon W 
state [62] has been reported. However, this type of approaches is much more difficult to implement than cavity QED 
for hybrid systems consisting of photons and matter qubits of nature made and/or engineered. The present work 
represents a significant advancement in circuit and atom QED because it provides a simple and fast approach for 
detcrministically creating a multi-photon GHZ state, which does not require measurement or detection on photons. 

We noticed that two previous works [63,64] are relevant to ours. Ref. [63] presents a scheme for preparation of a 
GHZ-type entangled coherent state of n cavities by having an atom interacts with each of the cavities dispersively 
and then measuring the state of the atom. We realize that a GHZ entangled Fock state of photons in multiple cavities 
can in principle be generated using the same procedure described in [63]. However, the method has the following 
drawbacks: (i) the operation is rather slow because of the dispersive atom-cavity interaction, (ii) a measurement on 
the state of the atom is required, and (iii) since the prepared GHZ state depends on the measurement outcome on 
the atomic states, the GHZ-state preparation is not deterministic. In contrast, our proposal mitigates these problems 
effectively: the operation is much faster because of the resonant atom-cavity interactions; there is no need to measure 
the state of the atom; and the generation of the GHZ state is deterministic. Ref. [64] proposes a method for preparing 
a cluster state of photons in n cavities via resonant atom-cavity interactions. However, our proposal is significantly 
different from that of [64]. First, we focus on preparing a GHZ entangled Fock state of photons in multiple cavities. 
Second, an n-qubit cluster state cannot be transformed into a GHZ state (for n > 3) [65]. Last, the method proposed 
in [64] requires an atom to interact with two classical pulses after it leaves each cavity (except the final one) while our 
proposal only requires the atom interacting with one classical pulse after it exits each cavity (except the final one). 

After a thorough search, we found that three schemes [66-68] were previously proposed for implementing the GHZ 
state of photons in n cavities by sending an atom through n cavities. However, these schemes require measuring the 
state of the atom and/or using n levels of the atom (i.e., the number of the atomic levels used needs to be equal to 
the number of the cavities). 

VI. CONCLUSION 

We have presented a method to generate a GHZ state of n photons in n cavities coupled by a superconducting 
qubit. By local operations on a qubit (e.g., an atom or a solid-state qubit) placed in each cavity, the created GHZ 
states of photons can be transferred to qubits for the storage for a long time. This proposal is easy to be implemented 
in experiments since only resonant qubit-cavity interaction and resonant qubit-pulse interaction arc needed, and no 
measurement is required. In addition, we have shown how to apply the present method to create a GHZ state of n 
photons in n cavities via an atom. We note that neither adjusting the atomic level spacings nor adjusting the cavity 
mode frequency is needed during the entire operation and only one atom is needed for the entanglement preparation 
of photons in multiple cavities. In addition, our analysis shows that generating a GHZ state of ten photons in ten 
cavities by a coupler superconducting qubit or an atom is possible within the present experimental technique. Finally, 
it should be mentioned that this proposal is quite general, which can be applied to create a GHZ state of photons in 
multiple cavities or resonators, when the couper qubit is a different physical system, such as a quantum dot or an NV 
center. 
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